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THE EARTH'S MAGNETIC FIELD

Robert S. Carniichael, Ph.D.
Department of Geology
University of Iowa
Iowa City, Iowa 52242
Introduction
"He who controls magnetism controls the world."
Dick Tracy (ca. 1950's), in investigating
yet another diabolical plot

In the year 1600, the Englishman William Gilbert published "De
Magnete", one of the first true scientific treatises. He had studied, with
a compass needle, the dip and pattern of the magnetic field around a
sphere of lodestone magnetite (the mineral Fe304). Further, he deduced that the Earth had a similar field, and was therefore like a giant
magnet.
The Earth's field is illustrated schematically in Figure 1. To a first
approximation, it is like that due to a dipole, or very short magnet, near
the center of the Earth. In detail, it is slightly irregular, and at a
distance from the Earth is distorted by the solar wind of charged
particles which cause it to be blunted on the side facing the Sun. The
geographic poles (see Figure) are on the rotation axis, at ±90° latitude.
The geomagnetic axis of the Earth's field is inclined to the rotation axis
by 11°. The magnetic dip poles, where the field is vertical at the Earth's
surface, are located at 76° N. latitude and 101° W. longitude ("north"
pole, in the Queen Elizabeth Islands north of Canada), and 66° S.
latitude and 140° E. longitude ("south" pole, south of Tasmania). The
north dip pole is thus about 1600 km (1000 miles) from the north geographic pole.

Figure 1. Schematic of Earth's magnetic field . N-S is rotation (geographic) axis; N*-S* is
geomagnetic axis.
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The magnetic field intensity is described in terms of the field strength
H (in oersteds, in cgs units) or flux density B (in gauss). Since they are
related by the permeability µ,
B = µH
and sinceµ in cgs units is approximately 1 for air, an oersted is numerically equal to a gauss. A convenient unit is the gamma, which is
1/100,000 gauss, and the average Earth's field intensity is
HE~ 0.5 gauss= 50,000 gammas.
By convention, the magnetic lines of force converge on the "north"
magnetic pole from the south pole. That is, the magnetic needle of your
compass points towards magnetic north, in the direction of the horizontal component of HE. The dip of the magnetic field on the Earth's
surface varies from vertically upward at the south magnetic pole, to
horizontal (zero dip) at the magnetic equator, to vertically downward
( +90° dip) at the north magnetic pole. At Des Moines or Iowa City, the
field dips down at about 71°.
Figure 2 shows the variation of the magnetic field intensity over the
globe's surface. It is seen that the field strength varies from a minimum
of0.25 gauss (25,000 gammas) at the magnetic equator, to a maximum of
0. 7 gauss at the south dip pole. It is about 58,000 gammas in Iowa.

Figure 2. Total magnetic intensity of world, as of 1965. Contour lines in gauss. Data from
NOAA and U.S. Navy (e.g. Howell, 1972).
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Origin and Behavior of the Field
"The Earth speaks of its internal movements
through the silent voice of the magnetic needle. "

Ninety-six percent of the geomagnetic field originates from the deep
interior of the Earth. Temperature increases with depth in the Earth,
and rocks or other materials lose their magnetism at high temperature.
Deep material is much too hot to have a remanent or permanent magnetization. The Earth is thus not a "magnet" similar to a child's bar
magnet. Rather, the field arises from electrical currents in the Earth's
outer core, a molten zone at depths of 2900-5000 km (the center of the
Earth is 6371 km, or 3960 miles, down). This outer core is a convecting,
electrically-conducting metallic alloy of iron and nickel, thus probably
having a composition like that of many meteorites.
The remaining 4% of the Earth's field is caused by the large-scale
electrical currents in the ionosphere - ionized layers at heights of
70-300 km above the Earth.
Because the geomagnetic field originates from mobile fluid-like motion s, and not from permanent magnetization of a fixed source, it
varies both with time and with location on the Earth's surface. The
major variations are:
a) transient fluctuations. These last hours to days, due to solar disturbances (flares, from sunspots) which emit charged particles that
shower the Earth and disturb the ionosphere. Effects are generally
less than a few hundred gammas in intensity. There is a regular
11-year cycle of maximum sunspot (and flare) activity, and 1979 was
a year of such peak activity.
b) daily variation. This is a fairly regular variation, ranging up to tens of
gammas, due to the Earth rotating with respect to the Sun.
c) secular variation. These are irregular cycles and progressive
changes that last l0's-l000's of years, due to changes in the outer
core's circulation patterns. At a site on the Earth's surface, the
variations could occur at rates of tens of gammas per year. The
magnetic field of the Earth thus shifts in pattern and intensity with
time. Some effects are, for example,
- the magnetic pole migrates around the rotation (geographic) pole
over a period of a few thousand years
- features of the field, such as intensity of maxima and minima, and
loci of given rates of change, "drift" westward with respect to the
Earth's surface. Over the past few decades, the average rate has
been about 0.18° longitude per year; at the equator, this is about 20
km/year.
- the field intensity (and thus the causative dipole moment or
"strength" of the Earth) fluctuates slowly with time. It can vary
by as much as ±50% over a period of several thousand years. For
the past few decades, the dipole moment (and thus field intensity)
has been decreasing at a rate of 5-9% per century.
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Paleomagnetism and Geomagnetic Reversals
Rocks have a weak remanent magnetization, due to the presence of
grains of magnetic minerals such as magnetite. This magnetization is
typically acquired when the rock was formed in the geologic past, and
reflects the character of the ancient field at that time and in that
geographic locality. For example, the direction of the remanence is in
the direction of the field then and there. By studying many rocks from
many areas and for the complete range of geologic time, one can use the
"magnetic signature" in the rocks to study the ancient behavior of the
Earth's field. This study is called "paleomagnetism", and has useful
applications for problems in geology such as
i)
ii)
iii)

iv)

understanding the nature of the Earth's deep interior (where the
field orginates) in the geologic past
age-dating, on an absolute or relative basis, using the pattern of
the past field's behavior in sequences of rocks
correlation of rock beds, using their magnetic signature, for
comparison with correlations based on rock types or fossils
reconstructing paleogeographic locations of landmasses through
geologic time.

About half of all rocks have a remanent magnetization that is reversely magnetized; that is, it is in the opposite direction (reversed by
about 180") to the present "normal" Earth's field. These rocks acquired
their remanence when the magnetic field had reversed polarity. Much
study since about 1960 has worked out the "magnetic chronology" of the
pattern of geomagnetic reversals. The reversals are worldwide and
synchronous in time, since the entire Earth sees the same magnetic field
configuration. The pattern in rock sequences everywhere is the same as
a function of time.
The discovery and understanding of the pattern of geomagnetic reversals, and the evidence it contributes to modern topics such as interpreting seafloor spreading and continental drift (global "plate tectonics"), is one of the most dramatic developments in the earth sciences
in the past 20 years.
The reversals chronology is illustrated in Figure 3, for the past 75
million years. There are about 170 major reversal intervals in that time,
so that the average duration is about 450,000 years. However, many
short-duration reversal "events" last only tens of thousands of years,
and further back in the geologic past some reversal intervals lasted
much longer than a million years. The actual transition between normal
and reversed polarity, or vice versa, takes only about 5000-15,000
years, a mere blink of the eye in the geologic record. The transition
occurs by the Earth's main field collapsing and building up in the
opposite direction, with the "north" and "south" magnetic poles switching to the opposite hemispheres.
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Figure 3. Younger portion of the chronology of geomagnetic field reversals. Dark bands
are when Earth's field had "normal" polarity (like present), light bands in'Clicat e r eversed polarity. Figure from Heirtzler , 1968.

Magnetic Anomalies
Apart from the internally-generated geomagnetic field , being about
50,000 gammas at the Earth's surface, there is an additional local
pattern of magne_tic fields . This does not vary continuously with time,
but is static and highly irregular. It is due to the remanent magnetization ofrocks in the Earth's crust, and the differences in subsurface rock
types, their magnetic properties, and the geologic structure. If the
normal regional geomagnetic field is subtracted from the total field as
measured at the Earth's surface or by an airplane magnetic survey, the
resulting residual is called the magnetic "anomaly'' pattern. It represents the field from the crustal geology. The latter can thus be interpreted from the magnetics, in terms of the size, depth, and type of
buried geologic features and rock bodies. Typical magnetic anomalies
range up to several thousand gammas. Figure 4 shows two magnetometers - instruments for measuring the local magnetic field intensity - as used in surveying an area to define magnetic anomalies.
Figure 5 shows the magnetic anomaly map of Iowa, developed from
airborne magnetic surveys and published in 1976 by the U.S. Geological
13

Figure 4. Magnetometers, for measuring Earth's magnetic field, and graduate student
J ohn Stepanek formerly of LaSalle High School, Cedar Rapids. He did a thesis
research study of magnetic anomalies in Iowa, and is now working as a
geophysicist in petroleum exploration for an oil company.

Figure 5. Magnetic anomaly map of Iowa. From U.S. Geological Survey Maps GP-910
and 911 (I. Zietz, F . Gilbert and J . Kirby, 1976). The Iowa Geological Survey
participated in the data acquisition for the airborne surveys.
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Survey and Iowa Geological Survey. The anomalies are due to the
"basement" rocks, that is, the dense crystalline rocks buried at typical
depths of a few thousand feet under Iowa. The overlying younger
sedimentary rocks are relatively non-magnetic in comparison. This
map, then, portrays the deeper buried rocks underlying the State,
based on their magnetic differences. These rocks can be "seen" by
magnetic surveys, despite there having been very few deep boreholes
that penetrate the basement to any significant depth to sample the rocks
directly.
The most prominent large-scale feature on the Iowa map is the
sinuous magnetic trend running from north-central down to southwest
Iowa. This is the magnetic signature of the Midcontinent Geophysical,
or Gravity, Anomaly ("MGA"). This is a seam of denser, more magnetic
basalt rock, about 75-100 km wide and 1000 km long that extends from
Lake Superior down through Iowa to southeast Nebraska. This was
injected up into the Earth's crust when the continent here tried to split
apart about 1 billion years ago. This immense, deep, and extraordinary
feature can be mapped by remote geophysical means - magnetics, as
well as gravity and seismic. Elsewhere in the State, there are numerous
regions of "busy" localized and intense magnetic anomalies. These represent rock bodies intruded into the surrounding basement rock. Some
have a positive magnetic anomaly, being more magnetic than the regional normal Earth's field; they were intruded and formed when the
Earth's field had "normal" polarity in the past. Others have a negative
anomaly, that is, are a magnetic "low'' compared to the regional field,
and were formed at a time when the Earth's field had "reverse" polarity.
Minnesota and Wisconsin to the north of Iowa have analogous basement rock and similar magnetic anomalies associated with rich mineral
deposits. Ores of typical interest would include iron nickel lead or
zinc. A question of great importance for the future or' Iowa i; whether
geoph~sical surveying and interpretation, combined with geological
analysis and eventually deep drilling, will lead to discovery of similar
mineral deposits in the State.
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***

Physics Olympics Rules
If you would like to know how to prepare your students for participation in the Official Iowa Physics Olympics, write: Joe Moore, Keystone
AEA, Elkader, Iowa 52043.
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